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ATOMIC OXYGEN INTERACTIONWITH SPACECRAFT MATERIALS:
RELATIONSHIP BETWEEN ORBITAL AND GROUND-BASED TESTING FOR

MATERIALS CERT/FICATTON

Jon B. CROSS: Los Alamos National LaboratoW, Los Ahmos, New Mexico 87545
Steven L. KOONTZ: NASA Lyndon B. Johnson Spacc Center, Houston, Texas 77058

Esther H. LAN: McDonnell Douglas Space Systems Co., Huntin_on t_seh, CA 92647

The effects of atomic oxygen on boron nitride (BN), silicon nitride (Si3N4), solar cell
interconnects used on the Intelsat VI satellite, organic polymers, and MoS2 and WS2 dry lubricant
have been studied in low .Earthorbit (LEO) flight experiments and in our ground-based simulation
facility at Los Alamos National Laboratory. Both the in-flight and ground-based experiments
employed in situ electrical resistance measmements to detect peneuation of momic oxygen through
materials and ESCA analysis to measure chemical composition changes. In the presence of aton_
oxygen, silver oxidizes to form silver oxide, which has • much higher electrical resistance, than
pure silver. Permeation of atomic oxygen through BN overcoated o_ thin silver (250A), as
indicated by an increase in the electrical resistance of rJ_esilver _, was observed in both
the in-flight and ground-basedexperiments. In conlrast, :_opermeation of atcm_ oxygen through
Si3N4 was observed in either the in-flight or ground-based experiments. The test results on the
Intelsat VI satelliteintcrconn¢,c,.,s_uxlonits photovoltaic arrayindicate thatmorn than 60-80% of
the original thickne_s of silver should remain after completion of the proposed Space Shuttle
re_cue/reboost missiot,. Gas phase reaction products produced by the interaction of high kinetic
energy atomic oxygen (AO) with Kaptou were found to be 1"12,H20, CO, and CO2 with NO being
a possible secondary product. Hydrogen abstraction at high AO kinetic energy is postulated to be
the key reaction controlfing the erosion rate of Kapton. An Arrheuias-like expression having an
activation barrier of 0.4 eV can be fit to the data, which suggests that the rate limiting step in the
AO/Kapton reaction mechanism can be overcome by translational energy. Oxidation of MoS2 and
WS2 dry lubricants in both ground-based and mbital exposures htdic•ted h'_eformation of MoO3
and WO3 respectively. A Wotective oxi_ layer is f_ -,30 monolayers thick which has a high
initi_ friction coefficient until the layer is worn off. The grmmd-bued results on the materials
studied to date show good qualitative correlatioa with the LEO flight results, thus validating the
simulation fidelity of the ground-based facility in _ of _ing LEO flight results. In
additionithasbeendemonstratedthatgnmnd-bas_ simulationiscapableofperformingmore
detailed experiments tbanorbitalexposures can presently performwhich allows the development of
a fundamental understandingof the mechanisms involved in the LEO envimm_nt degradation of
materials.

INTRODUC130N

The low Earthorbit (LEO) combinedeast, consists of ullraviolet antiX-nty radiation,
charge_ parities (pmt_s, eh_n3ns, andother clun'gedparticles), and uomic oxygen all of which
can react in • synergistic manner to degrade many commonly used spacecraft materials. 1,2
Because spacecr_, travel at 8 km/sec, the surfaces facing the direction of travel (ram direction)
experience bombardment by atomic oxygen with a coilisim energy of..5 eV and • flux of =I014-
]015 AO/s-cm 2 or 0.I-I monolayers/second. Figure I depicts the nature and intensity of the
various components cd'the_ combined naturalenvimnn_nt. Since access to LEO is limi_d and
expensive and there is a need for accelerated testing, ground-based testing methodology of
materials needs to be developed which takes into account the space combined environment. In
order to validate gmund-bomt testing, however, correlation of ground-based datawith sp_,e _ght
data is necessary. In this paper, space flight and ground based results for • number of materials
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are presented. Materials such as boron nitride (BN) and silicon rfimJc ($i3N4) are of interest to
the space materials community because they are candidate optic',d coatings for spacecraft nm'rors;
solar cell interconnects lie at the heart of solar power systems; and space qualified lubricants are
crucial on long duration missions and must withstand the environment without undergoing
significant changes in properties. Boron nitride and silicon nitride coatings wexe flown in a Space
Materials Experiment (SME) sponsored by the Strategic Defense kfifiativc Organization (SDIO)

through the U.S. Army Materials Technology Laboratory (AMTL) and integrated by Sparta, h_c.3 I
The SME was a LEO experiment flown as a part of the Delta Star mission, launched March 24,
1989. A variety of materials, including BN and Si3N4, were flown on an active panel which was
instrumented so that data telemetry to a ground station was possible. In another orbital experiment
a set of passive samples of BN, Si3N4, silver solar cell interconnects, and dry lubricants were
flown on STS-41 and exposed on the STS manipulator arm to ram AO for ,,,40 hours for a fluence

of =1020 AO/cm 2. In addition exposures of these materials were conducted at the Los Alamos

National Laboratory simulation (LANL) facility 4 which is capable of exposing materials to
hypertherrnal atomic oxygen (1-5 eV) over a flux range of 1-103 X that of LEO flux as well as
VUV radiation at 1236A. Future work will involve the addition of charged particle beams to the
facility in order to fully understand the synergism between the combined environment comlxments.
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Figure 1. Low Earth Orbit combined natural environment which
includes photon radiation, charged particles, and neutral gas species.
Energy/particle is also shown.
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GROUND-BASED COMBIb_P EFFECTS TEST FACILITY

The AO source4 employs a cw plasma produced by focusing a high-power CO2 laser beam to
produce plasma temperatures _f 15,000-20,O_9 K in a ra._e-gas/oxygen mixture. The high-power
cw CO2 laser (10.6 lain) is used to _ustain a spark-initi.'_ted plasma in the mixture which
subsequently flows through the throat (0.3 mm in diameter) of a hydrodynamic expansioa nozzle
producing an atomic beam of neutral species. Stagnation p_ssures of 2-8 ann a._ used depending
on the rare gas; i.e., 2 atm for 50% 02 in argon and 8 atrn for 15% 02 in helium. A 2.54-cm
focal-length ZnSe lens is used to focus the laser beam to a 30-1004tm spot producing po.ver

• densities of 109 W/cm 2, which sustains the plasma at a roughly 50% ionized condition. The lens
is moved axially to position the plasma ball in the throat of the water-cooled nozzle. Continuous
operation times of greater tha, 75 hr have been obtained producing fluences >1022 O-atoms/cm 2.
The source is moun_,d in a molecular beam apparatus (Fig. 2), where the gas mixture is skimmed
after exiting the nozzle and then collimated into a neutral atomic beam of rare gas and O-atoms.
The facility consists of 1) the laser-sustained AO beam source, 2) three stages of differential
pumping between source and a sample manipulator located 15 cm from the source, 3) a rotatable
mass spectrometer with TOF capability for measurements of scattered particle angular and velocity
distributions to determine energy accommodation coefficients and gas phase reaction products, and

TOF

_mbk)

n_w WeclrotneW R_ht
inlb-Um_Itl

Figure 2. Los Alamos Low EarthOrbit Simulation Facility.

4) a flight mass spectrometer calibration chamber and separate quadrupole mass spectrometer
located 120 cm from the source, which is used for beam TOF measurements. At the sample
manipulator position, 15 cm from the source, O-atom flux densitie_ o" 5 X l016 AO/s-.cm2 are
obtained whereas at the flight mass spectrometer position, flux densities of l015 AO/s-cm 2 are
recorded. A base pressure of I x l0 "9Torr is recorded in the sample exposure, chamber, which
rises to 2 X l0 "6Tort when the AO beam is operating. Figure 3 shows an AO energy distributions
obtained from time-of-flight (TOF) analysis of the AO beam produced from a plasma of 10%O2.
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and90% Ar. The beam was modulated ,,t 400 Hz and the resulting wave forms for atomic oxygen
and the plasma light were recorded with a multichannel scalar. An iterative procedure was
implemented to find the velocity distribution,P(v), which when convoluted with the plasma light

m_c_ulation P(hv) gave the best fit to the atomic oxygen modulation (F(v)exp). The convolution
was performed using Fourier transform techniques5 as shown in equation 1

F(v)exp_<P'(v)*P'(hv)> (1)

where P' denotes the Fourier transform function and <> denotes the Fourier inverse transform.
The functional focm6 of P(v) is shown in equation 2

P(v)_onst.(v/O.o)3exp[ -{v/O.o(l+(y--l)/2M2)-_-SMA/2 }] (2)

where ao=(2kTo/m) 0-5 at the source temperature To, M the local Mach number, ¥ the ratio of
specific heats, m atomic mass, and k the Boltzmann constant. The local beam temperature T is
related to M throughequation 3. Local Mach numbersof =3 were found to fit the experimental

T/To=[ 1+(y- 1)/2M2] "1 (3)

data thus showing the beam to have a local _nperature of ,-2000K which is about a factor of two
higher than found in low earth orbit. Seeding of oxygen in rare gas n'fixturesof lower molecular
weight than argon lowers the average molecular weight of the mixture and therefore at constant
plasma temperature raises the flow velocity out the nozzle and increasing the beam translational
energy.

The spectral distribution of the photon component of the atomic oxygen beam was measured
using a VUV grating monochrometer which employed photomultiplier detectors having an S-20
response and the other a solar blind photocathode. The spectral distribution of the plasma light
source along with the sun distribution ate shown in figure 4.

_OXYGEN FLUX CALIBRATION

Absolute partial [Ci] number density measurements were made in the chamber used for flight
instrumentcalibration after thermalequilibration of the beam. An orifice of known diameter (1.270
cm) operating under effusive flow conditions was employed to pump on the chamber having a
known temperature T(ch). The beam fractional (fi) composition was measured using lock-in
detection of the modulated beam anda residual gas analyzer corrected for known relative ionization
cross sections while the total absolute number density (Co) was measured using a spinning rotor
gauge. From these data, the partialflux density (Fi) of each component of the beamwas

Fi---1/4[Ci]<Vi> (4)

determined from equation 4 where <Vi> --"[SkT(ch)/mni] 1/2is the average thermal accommcx_ted
velocity, k is the Boltzmann constant, mi is the atomic mass of the ith species, and [Ci]=fi,Co.
This technique produces AO flux valaes having a run-to-run variation of 20%. The fractional
dissociation of the beam between AO and 02 depends upon the source pressure, fraction of 02 in
the O2/raregas mixture, andposition of the plasma ball in the nozzle but runs between 60-90%.
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Figure 4. Spectral distribution of atomic oxygen plasma source and
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THIN FILM OPTICAL 0UALrrY COATINGS

Techniques and Experimental Conditions

Tt_e technique used to evaluate the BN and Si3N4 films in both the Delta Star and STS-41
space flight and LANL ground-based experiments consists of using silver oxidation as a sensor for
atomic oxygen penetration through the films. 7 The sensor has two strips of silver (=250_)
deposited on top of an alumina or sapphire substrate (Figure 5). Coatings of known thickness are
deposited over the,silver films, and the electrical resistance of the silver is measured in situ during
exposure to detect atomic oxygen penetrati6n through the coating. Silver oxidizes in the presence
of atomic oxygen with near 100% efficiency to form silver oxide, and the electrical resistance of
the oxide is much higher than that of pure silver. The electrical msist,_ce data for silver is
convened to electrical conductance (inverse of electrical resistance) to evaluate the thickness of
silver remaining since electrical conductance,is lxoponional to the thickness of a conductor.

°"....................................... > ..__I

Figure 5. Atomic oxygen sensor. Thick (10-20 microns) g?ld lead-
in wires are deposited on insulating substrate. Thin (250A) silver
film is deposited andovercoated with film of interest.

The Delta Star SME spacecraftwas flown in LEO at an altitude of 500 km and inclination of
-48° with an estimated flux of 1.8x 1013 aamet/cm2-sec for approximately nine months with
active ,_ta acquisition. While in orbit estimated sampletempermmes :aried between 10°(2 and
40°C. The STS-41 exposure was performed on theSTS manipulatorann at a flux level of =7 x
1014atoms/s <m2 anda substrate tetnlxnatme ranging between -10 to 50°C for a 40-hour time
period (fluence =1020 atoms/era2). Gtxmnd-basedLEO simulation facilir/exposures were
performedat atomic oxygen kinetic energy of 2 eV and flux of 4.5 x lnio atoms/cm2.sec.

Results

Permeation of atomic oxygen through Si3N4 was not observed in either the space flight results
(Delta Star and STS 41) or the ground basedresults. The Delta Starflight and ground-based (GB)
results are presented in Figure 6 which shows the conductance of silver beneath the Si3N4 films
plotted as a function of atomic oxygen fluence.

Auger analysis of a_ ample with 700A Si3N4 coaled over Ag (--250_) on a Si wafer substrate
showed that after atomic oxygen exposure at LANL (2.2 eV, 210°C, total fluence of 4.7 x 1020
atoms/cm2), the oxygen concentration at the surface increased front23 atomic % to 42 atomic %,
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while the niu'ogenconcentration at the surfacedecreased from 24 atomic % to 12 atomic %. Auger
depthprofile of the exposed sample indicatedthat oxygen was presentonly within 50_ of the
surface. Optical microscopy up to 100X magnification and SEM up to 10,000X magnification of
Si3N4 coated oxygen senson did not reveal microcrac__ngof the Si3N4 films after exposure at
LANL. TEM was used to studySi3N4 films which had been deposited on sodium chloride
(NaCI) crystals before and after _'ound-based atomic oxygen exposure. The films showed some
milking which appearedto be primarily in areas where there were in'egularitieson the NaCI
surface. Electron diffraction was also performed on the Si3N4 films andindicate_lthat the film
was amorphous before andafter atomic oxygen exposure.

O.lSO .....

+i,lI 0.125
F_ht

I O.O?S ....

0.010 _
O.Ot.,O S.O_+lS l.O++20 1.S4_+20

AO Flulnce (etonwtsq. ¢m.)

Figure 6. Panel shows Delta Star SME flight results for two Si3N4
films 0.7$tm (star) and 0.35$tm (square) thick on a rough alumin_t
subsuate. GB (ground-based) shows laboratoryresults for a 700 A
thick Si3N4 film on a smooth sapphiresubstrate.

Permeation of atomic oxygen through BN wz_ observed in both space flights (Delta Star and
STS-41) and the ground-based results. Figure 7 shows the Delta Star flight data, the grcund test
results, and the STS-41 results. All boron nilride samples show the conducta_.ce steadily
decreasing when expose_l to increasing atomic oxygen fluence. Auger depth profiles of 750A BN
coating over Ag (,-250A) on a Si wafer substra_eexposed in the ground based facility showed
oxygen and carbon, in addition to boron and nitrogen, throughthe entire thickness of samples both
before and after atomic oxygen exposure (2 eV, 45°C, total fluelr,.eof 1.7 x 1020 atoms/cm2-sec).
The carbon concentration in both the exposed and unexposed samples was estimated to vary
between 5 and 15 atomic % through the thickness of the films. The oxygen concentration in both
the exposed and unexposed samples was estimated to vary between 5 and 20 atomic % through the
thickness of the films. A 25% decrease in the thickness of the BN film after exposure at LANL
was detected in the Auger depth profile and confumed using ellipsomelry. Optical microscopy up
to1OOXmagnification and SEM up to !0,000X magnification of BN foaled sensors after exposure
at LANL did not reveal microcracking in the film. In contrast to the ground-based resuits, data on
BN from the Delta Star SME did not indicate erosion of this material during exposure to the LEO
environment. A BN (0.1 $tm) coated quartz cry,qtal microbalance (QCM) was included in the
SME, and results showed a slight mass gain of 0.75 $xg/cm7 ratl_.r than loss after 150 days of
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mission elapsed time. It is unclear at this time whether the mass gain was due to contamination of
the surface or due m oxygen incorp(_tion into the BN.

Di_ussion

Ground-based facility results shows good agreement with space flight data for both Si3N4 and
BN. Atomic oxygen removes nitrogen from Si3N4 through ,most likely, the formation of nitrogen
oxides (NO,NO2) which a_ volatile and then forms SiO2 which has a very low diffusion rate for
AO and protects the underlying nitride from furtherreaction. The conversion of Si3N4 to $iO2
has been observed in both thermalatomic oxygen8 and hyperthermalatomic oxygen reactions.9

o.o9

0.03

0 4xlOIg |xlGI9 Ix1020

AO Flulnc_#/cm2

Figure 7. Plot shows Delta StarSME flight results using 1 jam thick
BN films over 250,_ Ag film on rough alumi_ _ubsmms and STS
41 flight and laboratory results (GB) for750A thick BN films on
smooth sapphire substrates. Decreasing conductance of silver film
indicates thatatomic oxygen is peneuating the film.

The space flight and ground based data for BN showed that there wa_ oxygen transport
through this materiai resulting in oxidation of silver _ the BN. Direct correlation of the
rate of oxygen u'anspo_ through the BN (rate of oxidation of the silver) from the space flight
(SME) and ground based data was not attempted because of ,t_e differences in the preparatiov
techniques and thickness of the BN films as well as the differences in the substrate surface
roughness on the sensors. Even though the ground based results showed a thickness loss in the
BN, the remaining thickness of this material during atomic oxygen exposure was sufficient to
cover completely the silver surface. There was oxidation of silver underneath, and therefore,
oxygen transportthrough the remaining BN overlayer. The BN thickness decrease found in the
laboratoryexposure results is amibuted to hydratedboronoxide ieaching caused by water attackon
the boron oxides 10 when the sample was exposed to laboratory air environment during sample
transferto the surface analysis appat_tus. Immediately after removing the BN AO exposed sample
from the ground-based facility a well defined AO beam image was observed which subsequently
disappeared after a one week exposure to laboratory air during shipment from Los Alamos to
McDonnell Douglas Coqx_tion. The SME fligMexperiment BN coated QCM however showed a
small mass gain rather than loss since water is not present in LEO to form the volatile hydrated
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boron oxid_ and therefore oxygen would remain incorporated in the film. Ground-based QCM
mass change measurements are planned in the/_atureto confirm this hypothesis.

A more detailed study than the one presented here is needed before definite conclusions can be
drawn on the effect of translational e,-rgy. However there exist calculations I1 which indicated
that _ larger than the ba_ diffusion barriers can exist for certain materials which
would imply that translaf_'mal energy may be effective in surmounting the surface ban'ierwhich
would be the rate limiting step in oxygen permeation. The magnitude to these surface barriersare
related to the elastic constants of the materia! in question, i., e., soft materials, which BN is, have
in general lower barriers to oxygen penetration than hard materials such as SiO2. A general
conclusion that can be drawn from these reports and our results is that soft optical coatings should
be avoided or at least be _,horoughlyinvestigated if long term exposure to the LEO environment is
contip!ated.

][NTELSAT-VISOLAR ARRAY INTERCONNECTS

A Hughes 506-_'pe communications satellite belonging to the Intelsat organization was
marooned in low Earth orbit on March 14, 1990, following failure of the Titan third stage to
separate prol_ly. The satellite, Intelsat VI, was designed for service in geosynchronom ca'bit and
contains several material configurations which _ susceptible to attack by atomic oxygen.
Analysis showed the silver foil interconnects in the satellite phowvoltaic array to be the key
materials iss,_e because the silver is exposed directly to uheatomic oxygen ram flux. Laboratory
testingbec_.'Jevital on findingthatvaluesof thereacdvityof gl-m"withatomicoxygen_x_rted in
theliteraturerangedovernearlytwo ordersof magnitudeandthat theto_ numberof published
measurementsis relativelysmall.

Ground-based 12 and flight tests13were conducted on samples of silver interconnect material
from the same produc:i_n lot used to build the Intelsat VI solar arrays. In addition, ground-based
and flight configuration tests were c:inductedon a solar cell test an;icle cut from a ground test solar
arraywFfichis essentially identical to the Intelsal VI solar array. Atomic oxygen degradation of the
interconnect silver was determined by: 1) mass loss after removing silver oxide by dissolving
with ammonium hydroxide, 2) scanning elecmm microscopy (SEM) thickness measurements after
removal of silver oxide, 3) real time electrical conductivity measurements (during oxygen atom
exposure), 4) optical microscopy, and 5) real time solar cell performance (during oxygen atom
exposm¢ and _ cycling). The specimens were exposed to total atom fluences compmable the
the expected fluence for the Intelsat VI vehicle; on the on:ler of 5x1020 AO/cm 2. The test
specimens in the ground-baaed facility were held at various _s and, in some ;astances,
subjected to them_ cycling dm'ing atom exilom_ to Imxlnce data ,_hich deL-'ribesthe-.temperature
dependence of the degradation reaction and the effects, if any, of thumal cycling.

The thickness of the oxide layer formed and it's effect on the degradation kinetics depends
strongly on the temperature of the .silver interconaect. The ground-based results showed no
spont.,mcous spalling or flaking of the silver oxide layerat _ly temperature, though thick oxide
layers which formed on the solar cell tess article interconr, ,,:tsdid flake off to a limited extent
during shipment from Los Alarum to Johnson Space Center. 2nterconnect dticimess loss was le3s
than 5 °k for interconnect temperatures below 80"C and oxygen atom fluences of up to 2x1020
atoms/cm 2. Even lower thickness loss was calculated from changes in interconnect electrical
conductance measured during oxygen atom exposure:, suggesting that a conducting or
semiconducfing oxide forms on silver surfaces exposed to Idgh velocity oxygen atoms. There
were no detectable changes in interconnect electrical comluc_,nce with samples te_s of 20

or 40"C and comparable oxygen atom fluences. Weight gain/loss measurements allowed
calculation of the stoichiometry of the silver oxide films, i.e., weight gain was detected after AO
exposure but before amanon/um hydroxide dissolving of the silver oxide. The 75 "C interconnect
specimen produced an Agl.780 film while the 150"C specimen produced an Agl.850 film. The
oxidesareoxygenrichindic_ng a mixtm¢ of Ag20 andAgO.
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Both high and low temperature interconnect specimens showed logarithmic rates of
conductance loss while in the g:'ound-based oxygen atom beam, a result consistent with slow
diffusion of reactive species through a surface oxide barrier. An activation energy of of 10..20
kcal/mole was calculated from the _em_rature dependence of oxide film growth kinetics in the
logarithmic domain. At 150"C, showr_ in Figure 8, a specimen displayed a change from
logarithmic to linear oxidation kinetics for oxygen atom fluences greater than 1020. The chang_
from logarithmic to linear oxidation kinetics most !ikely indicates the development of cracks o,
pores in the surface <.xide barrier layer. The 150"C ";nterconnect spechz_ens showed a 30%
thickness loss by $EM at a fluence of 2x1020 oxygen atoms ( logarithmic kinetics ) and a 67%
decrease in silver thickness by mass loss at a fluenco of 5.5xI_ -0 AO/cm 2 (log kinetics to
l.Sx1020 AO/cm 2 then linear kinetic3 to 5.5x1020 AO/cm2).

17
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Figure 8. Electrical conductivity of Intels_t VI silver interconnect
foil at T=IS0"C. Note logarithmic relationship between
conductance and O-atom fluence shown in insert -A- and a
subsequent change to a linear relationship which is attributed to
crack formation in the silveroxide corrosion product.

The solar cell test article (STA) was exposed to ,020 AO/cm 2 at a cell surface temperatureof
50"C, and then 2.5x1020 AO/cm 2 while the STA was thermal/photo cycled between 30 and

130"C 68 times. The same sohu"simulator lamp used to produce tbennal cycling also produced
photocurrentin the exposed ceU interconnects, resulting in a more realistic reproductionof on orbit
oeeration. Despite thermal cycling ._tmuch higher temperatures than areexpected for the Intelsat
VI itself, no degradationof cell output(Figure 9) was observed after a total oxygen atom fluence of
_,3x1020AO/cm2.

I
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" An orbital test called INTELSAT SOLAR ARRAY COUPON (ISAC) 13was flown in October
1990 on STS. 41. It consisted of two witness plates with samples of silver interconnects and
operational solar eel! panels mounted on them. Analysis of the returned silver interconnect
specimens indicate amerosion rate of i 04 _tm/1020AO/cm 2 which at the time of reboost in _pril
!992 represents a 36% loss of silver to silver oxide. The both sides of the interconnect material
were oxidized and blistered and there was no evidence that the oxide layer had sloughed off. The
two solar cell panels showed no degradation of electrical power output. The ground-based and
orbital exposure results show qualitative similar results with the bottom line being that the
satellite's solar cell output will not be adversely affected by its sojourn in low earth orbit.
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Figure9. Solarcc)l testarticlepowo"omputand=_ during
thermalcyclingand_rnultaneowatomicoxygenex'ptmm_intheAO
grouad-b_edLEO simuluar.
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The reat,dvity o_¢ Kapton with atomic oxygen undervarious exposure conditions is plotted
versus relativt: translational energy in Fi_ur=_10. Estimates of reactivity in a O2/F2 plasma
reactorl4have been included to emphasize the pritmry conchmion ,.hatmms_ energy plays a
key role in polymer degn,dation in low earth orbit. At high collision energy appmxin_tely 10% of
the AO reactsto form volatile products while _ l_maining 90_ descrps from the surface with a
translational temperature roughly equal to the polymer surface temperature. An Arrhenius-like
expression having an activation barrierof 0.4 eV can be fit to the data15 suggesting that a rate
limiting step exLstsin theAO/Kapten reactioo mechanism w_',ichcan be overcome by mmslationai
energy. A number of other types of polymers also have reactivities wit,hh_ AO similar
to that of Kapton1, suggesting thatnot only is a "ansla,+k_nalbarri_ dominating the overall reaction
mechanism of hydrogen terrainatedpolymers but that smtctural diffe_nces between the polymers
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arc unlit. This conclusion is also subsl,mfiated by oxygen-ba._., resist stripping studies,
which have found thatsubsli_tion of halogen atoms for AO greatly i_reases thenm] reaction ra_s
due to the lower activation energy for hydrogen abstraction by halogens 16. A question still
rerna_n._c(mce_ing the_details of die reaction anisotropy ; i.e., whether there is a condmm] direct
attack by hy_nhcrmal AO on the polymer backbone Foducing ch,,in scissioL or whether
thermaiized surface adsorbedfree radicals producethe chain scission (rew.tior,s 2B and7) as is

I0 -23.

10-28 ......... , ,. , . _ .... , , . .....
.01 .! 1 0

AO Relative Transletienal [nergM-eV

Figure 10. Re_tivity of Kapton as a function of atomic oxygen
translationale._'gy. Notethatan_us-like ,.-._ having
an activation banier o(0.4 eV can be fit m zheda_

Insertion RH + O =, RO- + [] (Ea-0.1 eV) (IA)

Abstraction RH.+ O =_ R- + OH (E,-0.4 eV) (1B)
R- + 0 _ RO- (2A)

R. + 0 =_ RO*('_ excimim) (2B)

RO-+O =0 RO2- (2C)

R- + 02 =, RO2. (3)

RH+OH =, R- +1420 (4)

ROO. + RT! =, ROOH* + R'. (5)

ROOH" :=_ RO-+ OH (6)

RO* =, chain sciaion (7)

Table 1. Proposed reaction mechanismfor h_ aet'mlic
oxygen degradationof hydml_ terminatedpolymm.

N
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shown in the proposed mechanism in "FableJ. "Ihereacdon efficiency curve in Figure 10 should
continuetoincreasetovaluesgreatertb_.n10% fftheconj:igatedC=C I_plynmrbackbone_'iuion
were sensitive to AO transla6onal eneriD,. As _e.t _ _ _ case, i.e., the efficiency levi.Is out to
10-20% at energies above I eV, there must be _ rate-,limidng step in the degradmkmthatcaps
the reaction efficiency at about 10% independent of the AO translational energy. One possible
candidaeeis reaction 2B, where the extcllt of internalexcitation of RO*. is determinedby the.RO*
molecular structu_ while in_.,uing the AO mmdatimud energy rely changes Ihe coacenlratica of
RO*.

It is evident from these i_sul:s that conclusions deduced from expemncnts employing
thermalized AO (ashen, flowing afterglows,etc.) must be very cmefully considered before
applying thew to low earthorbitphenomena. The availabte dam show thatthe axnnma practice of
reporting"eqmvalemon orbit oxygen fluence"basedontheurnslossrate ef Kapumin anesherer
flowingafterglow has no basis in physical fact and can be dJ..nf_zouslymisleading17.

WS? and MoS,_DRY LUBRICANTS

Intwo plcviol/sstudies18,19_ oxid_.tiOll_ of vm/olmlcryst&Uinefm ofMoS2
wcm investigated under comditiom that s'unulam the IAEO_viremmem in order m dem
possible tribologicaI implications for lubricating fiinm used oa qxscecrs_ A number of

a:m_ ceadit-mm nmdted m the formmionof ImMmaimmdyMe03 m the mm'-ms'fucerclgim
with lesser amoum of MOO2;2) the mt_ layer is roul_y 10-30 _yen thic_ 3) the extent
of oxidatim is eugntbdly imk'lxmdem of cs'ymlkq_tdc orienmiee _ the MoS2; 4) difftakm
oxygen atoms through the oxide layer is very slow;, 5) the reactivity of MoS2 to hypenhennal
atomicoxysm.u, tuof mmue.v,qxm6)amazrn .mmicoxysentinsaUnoa
me same n_cnvay to MoS2 as hypeahemml atomsc ozyflea; 7) sulfate's wtm found m fenn when
thae was water pmsem (OH) in the eXlsemnesystem; S) initial f_t-tioa d the film was hi_ (0.25)
and d.'xq_ed to a low value after _ng through the oxide film. It was coocluded that a
con_uous flux of atomic oxygen strikinga MoS2 surface would muh in a high average frictioa
coefficient which would depec,d up_ the speed per _ and absolute value of the O-aaronflux.

2 2
I0 10

I Cmtrgl_ Lulm(WS21

LANL

STS-4I tO

10

!

! .!

o vo.m2vo s , so4 s, o v%r,mvoz s so4
I

Figure 1!. X-Ray Ptmamlectron Spectra (XPS) of WS2 lubricants
exposedm simulatedandactualLEO envh_mmenu.Intensitiesam
in atom_t.

At the time of theselubricantstudiestherewere no orbitalexlmsu_ resultswith which to
cmnl_Se" . Lulgiclmt san_ies we_ subsequendy flown oR STS-41 in coaja wilh the Intelsat
V_.silver iatercoanectstudy and ground-basedexpmmes wereperfmmuloa identicalsamples of
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dry lubricants. Figure 11 shows the XPS analysis results of exposing WS2 to both the LEO and
simulated 1..E(JcnvimmncntL Intensities arein atom percentwith an unexposed control, LANL
ground-based and STS-41 orbital exposure results being shown. Note that for both ground-based
andorbital exposures, 1) the oxygen content increases, 2) the intensity of WST./WOz_s, 3)
WCr3increases, 4) sulphurdecreases, 5) suifate's ate present. Note also that a silicon contaminant
is present in the orbitalexposures andon one control sample and that there is some oxygen in the
origingl samples dt:_ to their _amufacturing pto_ssing. Friction and wear testing have not been
performed as these samples were not configured for these tests.

Figme 12 shows XPS analysis of MoS2 Everlube 1346 which contains polydimethyl siloxane
binderand MoS2 _ R which conudm polyumtha_ bim_. Note thatthe Evcrlube 1346

102 10 2

[verlube I $46

-
1o IS Cmtrof I0

LAM.

! STS-¢I,

1
.I

.01 .I

o ossa¢- mx o s , so,

Figure 12. XPS spectra of MoS2 dry lulgicants. Everlube 1346

showsinboththegnmnd-hamdmd orbitaleXlmmm=no_ ofMoS2md _owsc"._mir.ll
altmui_of_ico_toSiO2.TimPmnmlkkR withdmpolymuhme_ ondieoda=lind
showsmmCmdctumSmshni_ tods¢WS2msula. Ninedmtxn.0m,of mlphurmd dz _
oxidatt_oflVioOatoMoO_ Tb_mmdu rain $oodMnmmntrodsdz remitsoftbepm,dow

tory mtdiut$, t9 of Mo,_ inclcludinzpmmcetbe of "$04 andthatfom indicatethat
pmmcdo_of dry lubrtcantswill be nwded-wben-theym 0premedunderhighfluenceatomic
oxygen condJtiom.

The examplesm_,n..in this_ indicazthatthecw m oxyl_nbeamsourcedescribed
he.mrewoduces9ualitauvelythe _ exp_ummmlm. Thinfilmshaw beenshownto be
r=s_sumttoanmc o_y_ auw,k if.tbeyam hardandthatsoft(lowshearmunlgth)filmsat_c
susceptible to AOattack. Sohn'ceU mm©op,mcts madeof_in silverribbctt have been _own to
form aWmec6ve silva'oxideovedayerwhichdoesnm sloughoff,thus_S theunderlyins
silver and that there is no degradation of the solar cell power output during thermal cycling and
simultaneous AO exposure. It has been shown that hydrogen tetminated polymers, Le.,
nonfluorinated po_yma_ have a reactioa _'_'_mcy which is strongly dependantupon the atoraic
oxygen tnmslatio_al energy and that the u_ of Kapt_ u a fluence detector in thermal atomic
oxygen sourcessuchas plaamaashen is i_tptwolpnwe.Vary few of theprocessundedyingalom/c
oxygen de_ of.._paS_.._t materials have a sharp energy d,msho/ds such as _uld be
expected for collisional tomzation, dmeforc the d/ffemnc_ that exist between the simulated and
actual LEO environments do not make large diffe_uces in the exposure results. The important
point m _ber is thata funOamentalunderstam_| of the inm_ctiou mechanimu is needed to
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interpretthe results of ground-based and LEO exposures. Fta"example, even though Kapton was
exposed at a nominal collision energy of 2 eV with a 1-2 eV spread in energy while the orbital
exposmes were perf_ at,,-5 eV with a spread in energy -I/2 thatof the ground-based source,
the results can be corollated because the underlying c..hemicalmechanism is u,-',d,,-rstocxl,i.e., the
data are correlated through an Arrhenius expression involving kinetic energy not subsu'ate
te_. It is evident from these results thatorbitalexposure results alone are not sufficient to
fully character/re the interaction of the LEO environment with materials. LEO exposure
experin_nu gre needed to validate ground-based results but only thnmgh the use of ground-based
LEO simulationfacilitiescancon_leteevaluationandc_c_ ofmmerialsbefore,during
and after exposme be obtained, mechanisms deduces, and accelerated testing be performed.With a
fundamentalunderstanding of the mechanisms of LEO envin3mnental effects on material,full-life
material certification tests can then be confidently undertakenin ground-_ simulation facilities
at a small fraction c/' the cost of orbitalexposures.
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